The essential oil from the powder residual of dried bitter almond, a novel and environmentally-friendly fungicide, was successfully extracted in a 0.7% yield by hydro-distillation under optimized conditions. The chemical composition of bitter almond essential oil (BAEO) was analyzed by gas chromatography-mass spectrometry (GC-MS). Twenty-one different components representing 99.90% of the total essential oil were identified, of which benzaldehyde (62.52%), benzoic acid (14.80%), and hexadecane (3.97%) were the most abundant components. Furthermore, the in vitro and in vivo antifungal activities of BAEO against common plant pathogenic fungi were evaluated by the mycelium linear growth rate method and pot test, respectively. It was documented that 1 mg/mL of BAEO could variously inhibit all tested pathogenic fungi with the inhibition rates of 44.8%~100%. Among the tested 19 strains of fungi, the median effective concentration (EC 50 ) values of BAEO against Alternaria brassicae and Alternaria solani were only 50.2 and 103.2 µg/mL, respectively, which were higher than those of other fungi. The in vivo antifungal activity of BAEO against Gloeosporium orbiculare was much higher than Blumeria graminis. The protective efficacy for the former was up to 98.07% at 10 mg/mL and the treatment efficacy was 93.41% at 12 mg/mL. The above results indicated that BAEO has the great potential to be developed as a botanical and agricultural fungicide.
Introduction
Plant pathogenic fungi have always been recognized as one of the main casual agents of plant diseases, which could infect any tissue at different stages of plant growth as well as result in a frustrating decline in quality and quantity of agricultural products. An investigation presented by Agrios' group discloses that, in 2000, pathogenic fungi alone caused a nearly 20% reduction in the yield of major food and cash crops [1, 2] . Furthermore, plant mycosis is notorious for its potential to cause substantial yield losses for global agriculture and its strongly detrimental effect on the food industry. Furthermore, many phytopathogenic fungi represent a serious risk for animal and human health because of the production of mycotoxins, a class of harmful secondary metabolites [3] . In this context, a series of chemical fungicides with different frameworks have been developed with the aim to address this intractable problem. Although the commercial fungicides are highly effective to control plant diseases, a series of health and environmental problems are associated with continuing Int. J. Mol. Sci. 2016, 17, 1421 2 of 14 application of synthetic fungicides, such as high toxicity, drug resistance, residue persistence, and so on [4] . Based on these problems caused by chemical fungicides, in the past decades, researchers have switched their attention to natural product-based or -derived antimicrobial agents due to their lower environmental and mammalian toxicity.
As one of the most promising groups of natural products, essential oils are made up of many different volatile compounds and considered as potential targets for the development of safe natural antifungals [5, 6] . In recent years, more and more plant essential oils have been documented to have the ability to effectively inhibit the growth of phytopathogenic fungi in vitro and in vivo [7] [8] [9] [10] [11] . Given that we have explored the extraction, chemical composition and biological activity of fatty oil from bitter almond [12] [13] [14] [15] [16] [17] ; here, we extracted and analyzed the composition of bitter almond essential oil (BAEO), and further investigated its potential as antifungal agent.
Armeniaca sibirica (L.) Lam, commonly named as wild apricot, belongs to the Armeniaca genus of the Rosaceae family. It is a perennial deciduous tree and mainly cultivated in Asia, Europe, and America [18, 19] . Bitter almond is the dried mature seed of Prunus armeniaca L., Armeniaca sibirica (L.) Lam var. sibirica, and Prunus mandshurica (Maxim.) Koehne, and related species. As a traditional oriental medicine, apricot seed exhibits a wide range of biological activities including antihyperlipidemia, anti-inflammatory, anticancer, antioxidant, antimicrobial, antiasthmatic, analgesic, preventing heart disease, atherosclerotic, etc. [20] [21] [22] [23] [24] . Consequently, it has been widely used to cure respiratory disorders (coughing, wheeze, asthma, emphysema, and bronchitis) and skin diseases (acne vulgaris, dandruff, and furuncle) [25] . Bitter almond is rich in a variety of nutrients, such as oils, proteins, vitamins, amino acids, etc. [26] . The oil of bitter almond is classified as a fatty oil and an essential oil, the former consists mainly of unsaturated aliphatic acids while the latter is made up of volatile compounds. After pressing the fatty oil from the dried powder of bitter almond, the residual (which contains the essential oil) is often discarded as a waste. In order to make full use of the residual and to alleviate environmental pollution, the essential oil has been extracted from the powder residual in a 0.7% yield. Although BAEO has been extensively used as an additive or nutritious ingredient in food, beverages, health care products, cosmetics, and pharmaceuticals [19, 27] , little is known about its chemical composition and antifungal activity.
With the aim of searching for new antifungal agents and maximizing the use of natural resources, the present work focuses on the study of the essential oil from bitter almond: its extraction, chemical composition, and in vitro and in vivo antifungal activity against common plant pathogenic fungi.
Results and Discussion

Extraction of BAEO
After removing the fatty oil from the dried powder of bitter almond via the heating-crushing method, BAEO was extracted in a 0.7% yield from the left press cake by the hydro-distillation method using a special apparatus designed by our group. The optimized extracting process was accomplished as follows: firstly, the powder residual (100 mg) was soaked in 500 mL of weak acid water (pH = 5) at 40 • C for 1 h, so that the main bioactive substance, amygdalin, could be totally hydrolyzed to give glucose and benzaldehyde meanwhile releasing the poisonous constituent, hydrogen cyanide (HCN) (Figure 1 ). The resulting suspension was then vigorously stirred and distilled for 1 h, and the yellowish BAEO accumulated at the bottom of the handmade apparatus, which was designed to extract volatile oil. After the water-oil mixture had been standing in a separatory funnel for 30 min, crude BAEO was separated from the lower organic layer, and dried with anhydrous sodium sulfate. Finally, BAEO was achieved in a 0.7% yield. 
Chemical Composition of BAEO
The chemical composition of the BAEO was evaluated by gas chromatography-mass spectrometry (GC-MS) analysis (Table 1) . Among the confirmed 21 types of compounds accounting for 99.90% of the total essential oil, the main chemical constituents were identified as benzaldehyde (62.52%), benzoic acid (14.80%), and hexadecane (3.97%). The other 18 components, eicosane (2.26%), mesitylene (1.62%), 1-ethyl-3-methyl-benzene (1.61%), benzyl alcohol (1.59%), 1,3-xylene (1.56%), dodecane (1.50%), 3,5-di-tert-butylphenol (1.24%), 3-(hydroxyl-phenyl-methyl)-2,3-dimethyl-octan-4-one (1.23%), dodecyl aldehyde (1.18%), benzyl cyanide (1.06%), 1,4-xylene (0.90%), ethylbenzene (0.69%), tetradecane (0.61%), 3-ethyl-2-undecanone (0.50%), heptadecane (0.39%), 2-methylundecane (0.26%), 1,2,4-trimethylbenzene (0.24%), and 1,2-xylene (0.18%), were identified in lesser amounts. Furthermore, a few unknown compounds were found as trace or minor components.
Although the chemical composition of the essential oil of apricot seed has only ever been analyzed by Lee and colleagues using GC-MS as well, only the most abundant compounds, benzaldehyde (90.6%), mandelonitrile (5.2%) and benzoic acid (4.1%), were identified [28] . The different results mentioned above may be attributed to the diversity of bitter almond birthplaces and different isolation conditions used in our laboratory. The apricot fruit in their test was picked from Gyeongju in Korea, however, in our test, it was harvested from Linyou county, Shaanxi province in China. We speculate that the differences in the climates of Korea and China may result in the high content of benzaldehyde in their test. Moreover, the reason that we did not detect any mandelonitrile was that it had been thoroughly decomposed to benzaldehyde and HCN under weak acid condition (see Figure 1) . 
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The in Vitro Antifungal Activity
To the best of our knowledge, up to now, only a couple of research groups have ever tentatively explored the antibacterial activity of the essential oil of apricot seed [28] and the antifungal activity of BAEO aqueous solution [29] . There is no research involving the systematic investigation of the potential antifungal activity of BAEO, therefore, we aimed to evaluate the in vitro antimicrobial activity of BAEO against 19 strains of common phytopathogenic fungi by the mycelium linear growth rate method and in vivo antifungal activity against Gloeosporium orbiculare (Berk.) Berk and Blumeria graminis (DC.) E.O. Speer f. sp. tritici Em. Marchal via pot test.
The in vitro antifungal activities of BAEO, benzaldehyde, and kresoxim-methyl (a commercially available fungicide), were screened against 19 strains of plant pathogenic fungi at the concentration of 1 mg/mL using the above mentioned method previously reported by our group [30] . Comparison of the antifungal activities of these three agents (see Table 2 ) shows that BAEO not only exhibits medium to high antifungal activity in all cases, but also presents a broad-spectrum antifungal activity. In contrast, the inhibition rates of BAEO ranged from 44.8% to 100%, while those of benzaldehyde and kresoxim-methyl were 28.6%~100% and 63.0%~100%, respectively. The inhibition rates of BAEO against 15 out of 19 fungi were higher than 50%. In particular, for Alternaria solani, Gloeosporium orbiculare, Gaeumannomyces graminis, Botrytis cinerea, and Alternaria brassicae, the inhibition rates of BAEO were unexpectedly up to 100%. Compared with the activities of benzaldehyde, the inhibition rates of BAEO against 14 out of 19 fungi were greater. It is worth noting that the activities of BAEO against Fusarium oxysporum sp. cucumebrium, Pyricular Oryzae cavgra, Botrytis cinerea, and Fusarium oxysporum f. sp. vasinfectum even surpassed those of kresoxim-methyl. In most cases, there were significant differences between the activities of the three tested compounds (p < 0.05).
In order to further explore the antifungal potential of BAEO, the essential oil and kresoxim-methyl were both subjected to an antifungal toxicity assay to determine their median effective concentration (EC 50 ) against 19 strains of fungi. The corresponding results are shown in Tables 3 and 4 , respectively.
It can be clearly seen from Table 3 that BAEO displayed antimicrobial activity in varying degrees against the tested fungi. The EC 50 values of BAEO fluctuated between 50.2 and 642.0 µg/mL. BAEO revealed the highest activity against Alternaria brassicae with an EC 50 value of 50.2 µg/mL; on the contrary, the lowest activity was observed for Alternaria alternata (EC 50 = 642.0 µg/mL). The EC 50 values of BAEO against seven out of 19 fungi were lower than 300 µg/mL, while EC 50 values against 10 out of 19 fungi were higher than 500 µg/mL. The top three highest activity levels were observed for Alternaria brassica, Alternaria solani, and Gaeumannomyces graminis, and the corresponding EC 50 values were 50.2, 103.2, and 192.0 µg/mL, respectively. The bottom three lowest activity levels were found for Alternaria alternata (EC 50 = 642.0 µg/mL), Fusarium graminearum (EC 50 = 627.5 µg/mL), and Valsa mali (EC 50 = 610.8 µg/mL). 
Effect of Treatment Time on the In Vitro Antifungal Activity of BAEO
To explore the effect of treatment time on the activity of BAEO, the antifungal activities of BAEO and kresoxim-methyl against Fusarium oxysporum f. sp. niveum and Alternaria solani were tested at the concentrations of 0.5 and 1.0 mg/mL by the mycelium linear growth rate method. Antifungal activities were measured at 24 h, 48 h, and 72 h post-treatment, respectively, and recorded in Table 5 . Generally speaking, except for the results of 0.5 mg/mL of BAEO against Fusarium oxysporum f. sp. niveum, the inhibition rates of BAEO against two tested fungi did not decrease at all and always maintained 100% inhibition rates even at 72 h post-treatment (Table 5 , Figures 2 and 3) . Although, at 0.5 mg/mL, the activities of BAEO against Fusarium oxysporum f. sp. niveum were a little lower than those of kresoxim-methyl, the activities of BAEO at 1.0 mg/mL were completely opposite. Compared with the activities for the tested fungi, the activities for Fusarium oxysporum f. sp. niveum gradually reduced with the prolongation of time, whereas the activities for Alternaria solani dramatically increased under the same circumstances. Particularly, whether for Fusarium oxysporum f. sp. niveum or 7 of 14 for Alternaria solani, the efficacy of BAEO at 1.0 mg/mL was much better than kresoxim-methyl-even 72 h later, it was still up to 100%. Compared with the antifungal activity of the standard drug against Alternaria solani, the antifungal activity of BAEO was sustained at 100% from the beginning of the trail to the end. It was confirmed that, in most cases, the efficacy of BAEO was much higher than kresoxim-methyl. Indeed, the extension of treatment time from 24 h to 72 h did not affect the efficacy of BAEO, whereas the antifungal activity of kresoxim-methyl quickly decreased.
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In Vivo Antifungal Activity
Gloeosporium orbiculare and Blumeria graminis, the ubiquitous plant mycosis, often lead to lethal damage to cucumber and wheat. For the purpose of evaluating the control effect of BAEO against the two strains of fungi, the in vivo antifungal activity evaluations of BAEO were carried out by pot test, in order to confirm whether it was appropriate to protect the growth of plants from antifungal infection.
By comparing the protective effect of BAEO (Table 6 ) against Gloeosporium orbiculare with that of therapeutic effect (Table 7) , in general, a tendency of gradually increasing activity was observed in most cases when the concentration of BAEO was increased from 4 to 12 mg/mL ( Figures 4 and 5) ; the growth trend of the former was much faster than that of the latter, hence BAEO could be utilized to protect cucumber from fungal invasion. There was an abnormal phenomenon for Gloeosporium orbiculare in that the protective efficacy of BAEO at 12 mg/mL was less than that of BAEO at 10 mg/mL, which presumably indicates that higher concentrations of BAEO may lead to tissue damage and infection spread. Based on these findings, it is likely that the most effective concentration of BAEO is 10 mg/mL, making the leaf blades of cucumber resist the fungal infection. (%) As far as Blumeria graminis was concerned (Tables 8 and 9 , Figures 4 and 5) , the protective efficacy of BAEO was slightly better than its therapeutic efficacy at all tested concentrations. Similarly, in considering the situation of BAEO being employed against Gloeosporium orbiculare, the protective efficacy and the therapeutic efficacy were both positively correlated with the concentration of BAEO.
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The results from Tables 6-9 and Figures 4 and 5 suggested that the control efficacy of BAEO for Gloeosporium orbiculare was better than that of Blumeria graminis. Furthermore, the protective action of BAEO for Gloeosporium orbiculare was much stronger than that of Blumeria graminis, while the therapeutic action for the former was a little higher than that of the latter. By carefully observing the phenomena of the blades after spraying BAEO, we found that it immediately formed an oil membrane layer on the leaf blade surface in the protection group. We speculated that the oil membrane layer could effectively prevent the pathogen spores from penetrating into the internal tissue, thereby reducing the incidence of infection. Control efficiency（%） Concentration (mg/mL) protective effect of BAEO against GO protective effect of BAEO against BG therapeutic effect of BAEO against GO therapeutic effect of BAEO against BG Figure 5 . Protective and therapeutic efficacy of BAEO against Gloeosporium orbiculare (GO) and Blumeria graminis (BG). (2) in Section 3.6.1; b Protective effect calculated from Equation (3) in Section 3.6.1. (2) in Section 3.6.1; b Therapeutic effect calculated from Equation (3) in Section 3.6.1.
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Materials and Methods
General
Unless otherwise mentioned, all reagents and solvents were purchased from commercial suppliers and used without further purification, and were of analytical reagent grade. Kresoxim-methyl, a commercial fungicide, benzaldehyde standard, and dimethyl sulfoxide (DMSO) were purchased from J&K Chemical Ltd. (Beijing, China). The water used was redistilled and ion-free.
Materials
Bitter almond. Wild apricot fruits (Armeniaca sibirica (L.) Lam) were harvested from Linyou county, Shaanxi province, China. Later, bitter almonds were dried in the shade.
Fungi. Nineteen strains of tested plant pathogenic fungi, Fusarium oxysporum sp. cucumebrium 
Extraction of BAEO
Dried bitter almonds were smashed to powder using a small grinder. After isolating the fatty oil from the powder by the heat-crushing method [16] , the essential oil was acquired from the residual by hydro-distillation using a special apparatus designed by our group. It was dried over anhydrous Na 2 SO 4 , filtered, kept in amber glass bottle, and stored at 4 • C before testing.
Analysis of the Chemical Composition of BAEO
The chemical composition of BAEO was identified by a Shimadzu QP2010 Ultra GC-MS (Shimadzu Co., Kyoto, Japan). The essential oil (10 µL) was dissolved in dichloromethane (1000 µL) and 3 µL of the diluted solution was injected using a splitless mode. The capillary column was a DB-WAX model with the length of 30 m, a diameter of 0.25 mm, and a film thickness of 0.25 µm (Agilent Technologies, Santa Clara, CA, USA). Helium was used as the carrier gas at a flow rate of 1 mL/min. The column inlet pressure was 57.3 kPa. The oven temperature was maintained at 240 • C. The column temperature was programmed as follows: initial temperature of 60 • C for 4 min, gradually increased to 100 • C at 5 • C/min, then warmed up to 240 • C at 10 • C/min and held for 5 min. Injector and detector temperatures were kept at 230 • C. Electronic ion (EI) mode was set as 77.3 eV, while mass spectra were recorded in the 50-500 amu range and the ion source-temperature was 200 • C. The chemical components of BAEO were quantified by relative percent of peak area from the MS signal and identified by comparing their mass spectra with those stored in the spectrometer database using NIST14.LIB (Shimadzu Co., Kyoto, Japan).
Assay of the in Vitro Antifungal Activity of BAEO
In vitro antifungal activity was assayed by the mycelium linear growth rate method previously reported [30] . All tested fungi maintained on PDA medium slants were subcultured for 48 h in Petri dishes prior to testing and used for inoculation of fungal strains on PDA plates. The tested compound (0.4 mL of BAEO or benzaldehyde) was completely dissolved in 3.6 mL of 5% DMSO to prepare the stock solution. Then 1 mL of the resulting solution was added to 99 mL of melted PDA agar at 50 • C, quickly and completely mixed, and poured into a Petri dish in a laminar flow chamber. The final concentration of the test compounds in the culture medium was 1 mg/mL for the activity screening test, and the final concentration of DMSO was 0.05%, which was proven to have no significant effect on fungal growth. Kresoxim-methyl (1 mg/mL) in the culture medium containing 0.5% DMSO (v/v) and 0.5% DMSO in the culture medium were used as a positive control and a blank control, respectively. When the medium in the plate was partially solidified, a 5-mm thick and 4-mm diameter disc of fungus cut from previously subcultured Petri dishes were placed at the center of the semisolid medium. The dishes were kept in an incubator at 28 • C for 72 h. Each experiment was carried out in triplicate. The diameters (in mm) of inhibition zones were measured with a caliper in three different directions and the growth inhibition rates were calculated according to the following formula and expressed as means ± standard deviation (SD).
where d 0 is the diameter of the fungus cut, d c represents the diameter of a fungal colony in the blank test, and d s refers to the diameter of a fungal colony in the compound-treated test.
According to the results of in vitro antifungal activity, BAEO and kresoxim-methyl were further subjected to determine their EC 50 by the same method. A stock solution of them was prepared in 5% DMSO aqueous solution, and then diluted by 5% DMSO in water using the serial two-fold dilution method to obtain a series of stock solutions. Each stock solution (1.0 mL) was respectively mixed with the autoclaved PDA medium to prepare a set of media containing various concentrations of compounds. Similarly, 0.05% DMSO in culture medium was used as a blank control. The antifungal activity for the concentration of each of the compounds was determined. Each experiment was performed in triplicate. SPSS v17.0 statistics software (SPSS Inc. Released 2008. SPSS Statistics for Windows, Version 17.0. Chicago, IL, USA: SPSS Inc.) was used to analyze the data of the preliminary antifungal activities of three tested compounds at 1 mg/mL. All data were subjected to one-way analysis of variance (ANOVA) using Fisher's least significant difference (LSD) tests at a p-value of <0.05. The average inhibition rate for each test was calculated and transformed to the corresponding probit value. The concentration of the compound was transformed to the corresponding logarithm value (log C 10 ). Log C 10 values for each compound and its corresponding probit values were used to establish toxicity regression equations by using the least square method. EC 50 values and their confidence interval at 95% probability were calculated from the toxicity regression equations by using PRISM ver. 5.0 software (GraphPad Software Inc., San Diego, CA, USA).
Assay of in Vivo Antifungal Activity of BAEO by Pot Test
Assay the Control Effect of BAEO against Gloeosporium orbiculare
The pot test was fulfilled according to the following steps, which were a traditional and concise method [32] :
Step 1. Preparation of the tested solution of BAEO. BAEO was dissolved in 5% DMSO aqueous solution to prepare a set of tested solutions containing 4, 6, 8, 10, 12 mg/mL of BAEO.
Step 2. Preparation of the spore suspension. Gloeosporium orbiculare was cultured on the PDA medium, then 30 mL of sterilized water was poured into a Petri dish carefully. Finally, appropriate hyphae and spores were scraped onto a Petri dish using an inoculation needle, the spore suspension was obtained after adding a drop of Tween-80. Furthermore, it was ensured that there were 50~60 spores in each view under the microscope.
Step 3. Cultivation of seedlings. A certain amount of cucumber seeds (3 rows × 40 lattices) were grown in the seedling dish and cultivated to the late period with two leaves and a heart. The seedlings of approximately the same consistent size were transplanted into the pots to regrow, one seedling in every pot. Twelve pots of cucumber seedlings were prepared in each process.
Step 4. Protective activity screening. The inoculation operation was carried out after spraying the BAEO solution for 48 h. Firstly, the prepared spore suspension was evenly spread over both sides of the cucumber leaves with a writing brush-it is worth noting that more suspension should be kept on the obverse surface of the leaf blade. Each experiment was carried out in triplicate. The group only sprayed 5% DMSO on both sides of the cucumber leaves, which was selected as blank controls. Plants were cultivated at 23~25 • C and more than 80% of humidity in a greenhouse, and analyzed after two weeks.
Step 5. Assay of treatment effectiveness. BAEO solutions at different concentrations were sprayed evenly onto the infected leaves after they were inoculated for 48 h. Moisturized 24 h later, the tested plants were kept at 23~25 • C and more than 80% of humidity in the greenhouse, and analyzed after two weeks.
Step 6. Survey of infected condition according to the following classification index:
Level 0: The area of disease spots is zero. Level 1: The area of disease spots is below 5% of the total area of infected leaf. Level 3: The area of disease spots is 6%~10% of the total area of infected leaf. Level 5: The area of disease spots is 11%~25% of the total area of infected leaf. Level 7: The area of disease spots is 26%~50% of the total area of infected leaf. Level 9: The area of disease spots is above 50% of the total area of infected leaf.
Step 7. Calculation of the control efficacy according to the following equation:
where N χ refers to the number of infected leaves in different levels, L χ is the value of corresponding disease level, and L max represents the maximum level of infected leaves.
Control efficacy (%) = (I c − I t )/I c × 100
where I c refers to the disease index of the blank control and I t represents the disease index of the treated group.
Assay of the Control Effect of BAEO against Blumeria graminis f. sp. tritici
In this pot test, the operation process of Steps 1 and 4~7 were totally uniform to those of Section 3.6.1, only Steps 2 and 3 were different and are listed as follows:
Step 2. Collecting the strain of Blumeria graminis. Fresh wheat leaves with spores heap of Blumeria graminis were collected in the field, and taken back to maintain wetting for the next step.
Step 3. Wheat seedlings culture: One hundred grains of wheat seeds were grown in some disposable paper cups and cultivated to the height of 3~5 cm. The wheat seedlings that were almost in similar height were then transplanted into the pots to regrow, one seedling in every pot. Twelve pots of wheat seedlings were prepared in each process.
Conclusions
In summary, the present work focused on the extraction, chemical composition, and antifungal activity of essential oil of bitter almond from China, which has been firstly presented by our group. BAEO was readily extracted in a 0.7% yield via hydro-distillation, a succinct and green protocol. Among the 21 types of chemical constituents identified by GC-MS analysis, benzaldehyde (62.52%), benzoic acid (14.80%), and hexadecane (3.97%) ranked the top three. For all tested pathogenic fungi, 1 mg/mL of BAEO showed medium to high activity with inhibition rates that ranged from 44.2 to 100%. The toxicity assay documented that the EC 50 values of BAEO against Alternaria brassica and Altenraria solani were only 50.2 and 103.2 mg/mL, respectively, which were higher than those of other fungi. The in vivo antifungal activities against Gloeosporium orbiculare, either in considering the protective efficacy or treatment effect, were much better than those of Blumeria graminis. The protective efficacy against Gloeosporium orbiculare was up to 98.07% at 10 mg/mL and the treatment effectiveness was 93.46% at 12 mg/mL. Based on the results of this work, BAEO could be developed as a botanical and agricultural fungicide in the near future.
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